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TOM TAT

Trong bai bdo nay, ching t6i sir dung phwong phdp ban thwe nghiém dé nghién ciru mot
s6 tinh chdt nhiét dong cua kim logi cadmium (Cd) bao g(;m tan sé va nhiét do Debye, DWF.
Mé hinh Debye phi diéu hoa va dinh ludt néng chdy Lindemann dwoc ching t6i két hop dé
nghién ctru nhiét do nong chay cua kim logi Cd. Cac tinh toan $6 da duwoc thuc hién cho kim
logi Cd lén dén 50 GPa. Két qua tinh todn cho thiy, DWF cia Cd ting nhanh theo nhiét dé
nhung lai giam khi dp sudt tang. Trong khi d6, gid tri tan sé Debye, nhiét d Debye va nhiét do
nong chay cia Cd ting dding ké theo dp sudt va ¢6 xu huéng on dinh hon ¢ dp sudt cao. Két
qua tinh todn chiing t6i thu dwoc ¢6 sw phit hop 16t véi mot sé két qua 1y thuyét va thiee nghiém
trude ddy. Nghién ciru nay khéng chi cung cdp thém co sé dix liéu vé cdc tinh chit nhiét dong
ciia Cd ma con mang lai nhiéu tmg dung thuc tién trong cdc linh viee khoa hoc va céng nghiép.

Tur khoa: Cadmium, md hinh Debye phi diéu hoa, tan sé va nhiét dé Debye, hé sé
Debye-Waller, ndng chay, &p suat cao, dinh lugt nong chay Lindemann.
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1. PAT VAN BE

Cadmium la mot nguyén t6 héa hoc mém, dé udn va on dinh (khong dé dang hoac ty
phat phan tng vei cac nguyén to khac) dugc tim thay trong vo Trai Bat véi ham luong nho.
O diéu kién moi truong, Cd cé ciu trdc luc giac xép chat (HCP) [1], duoc st dung trong cac
loai pin (dac biét 1a pin Ni-Cd), 16p son phi, ma kim loai, 1am chét 6n dinh cho plastic, c6 thé
dung lam ludi kiém soét trong céc 16 phan tng hat nhan. Céc hop chit chira Cd duoc st dung
trong mot s6 vat liéu ban dan nhu cadmium sulfide, cadmium selenide, trong nhia PVC 1am
chat 6n dinh, trong thiét bi phat hién neutrino dau tién. Bén canh d6, Cd 1a mot kim loai nang
doc hai, va viéc hiéu rd tinh chat nhiét dong hoc ciia nd giup xac dinh cac diéu kién an toan
khi xir Iy va Iuu trit, giam nguy co tiép x(c véi Cd va cac van dé sic khoe lién quan, phét trién
cac phuong phap xir ly chat thai hiéu qua va an toan. Do d6, cac tinh chat nhiét dong cua kim
loai nay dugc quan tam dang ké trong nhiéu thap ky, khong chi tir quan diém co ban ma con
cho céc tng dung cong nghé [2-9]. Mic du da c¢6 nhidu cdng trinh nghién ctu tinh chét nhiét
dong cua kim loai Cd dugc thuc hién, nhung cac nghién cau chu yéu la trong khoang ap Suat
thap [2][6]. O vang nhiét do va ap suat cao, cac két qua tinh toan con chua phu hop t6t voi
thuc nghiém, giira cac ket qua cua cac nghién ciu khac nhau van chua thong nhat [9]. Cac
cong trinh nghién citu vé hé s6 Debye - Waller ciia Cd ¢ 4p suét cao con rat han ché.
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Trong nghién ciru nay, su phu thudc 4p suat cua tin sé Debye, nhiét 6 Debye, DWF
va nhiét d6 nong chay cua kim loai Cd ciu trac HCP dugc phan tich dwa trén viéc phat trién
mo hinh Debye phi diéu hoa (Anharmonic correlated Debye model - ACDM) két hop voi
mét sb dix liéu va dinh luat thyc nghiém. Két qua cua nghién ctiu khong chi cé gia tri vé mat
ly thuyét, ma con cung cap thém co so dir liu vé céc tinh chat nhiét dong cua vat liéu nay,
tir d6 c6 thé ma rong nghién ctru cho mot sé kim loai va hop kim khac, ciing nhu mang lai
nhiéu wng dung thyc tién trong cac linh vuc khoa hoc va cong nghiép.

2. NOI DUNG VA PHUONG PHAP NGHIEN CUU
2.1. Hé s6 Debye - Waller. Tan s6 va nhiét do Debye

Khi chiéu chum tia X vao tinh thé, ta thu duoc ciu trac tinh té phd hap thu tia X mé
rong (Extended X-ray Absorption Fine Structure - EXAFS) la két qua giao thoa cua song
quang dién tr dén va song quang dién tir tan xa [10]. EXAFS la mot trong nhiing phuong
phap nghién ciu tinh chat nhiét dong caa tinh thé mot cach hiéu qua. Tuy nhién, do su dao
dong nhiét cua cac nguyén tir trong mang tinh thé ma phd EXAFS thu duoc ciing sé& bi anh
hudng. Dé giai quyét van dé nay, nguoi ta da dé xuat phuong phap khai trién gan dung cac
momen cua su dich chuyén nguyén tir duoc goi la cac cumulant EXAFS [10].

(e®) = exp{ZIqr +Z( nq) } n=123,.

trong do, r, la khoang cach giira hai nguyén tir & vi tri can bang, " 1a cac cumulant

bac n. Cumulant bac hai o mo ta phuong sai ctia phan b6 khoang cach, twong wng véi do
dich chuyén tuong ddi binh phuong trung binh song song dic trung cho DWF hay hé s6 tat
dan cua phé EXAFS nén ciing dugc goi 1a DWF. Trong ACDM, DWF dugc xac dinh bai [11]

a? =<(r—ro —a(l))2> —o¢ I (Q)1+Z(q) @

(1)

trong do, 0'5 =

1a déng gop dao dong diém khdng vao cumulant bac hai, tan
eff

s dao dong phonon (q), hang sé luc hi¢u dung k; va z(q) cé dang:

ol M o (3)
w(q):z\/;sm(%}, Kyt = fD, z(q):exp(ﬁha}(q)), 'B:ﬁ’

- N A oz T N A X- Y A T £
véi g lasd song, [q <—, M Ilatong khéi lugng cua hé, a, 1a hang sé mang.
ah

MoGi lién h¢ giira hang sé mang a, va thé tich V cua tinh thé dugc cho boi:

V
a, = a4y, (V/Vo)l/3 = 8y, (77)1/3, 77:\7:
0
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trong d6 a,, 1a gia tri hang s6 mang caa kim loai & ap suat P = 0. V, la thé tich coa

tinh thé ¢ diéu kién moi truong, 77 = \7 la hé so nén thé tich tinh thé.
0

Tan sb dao dong phonon @ thay ddi phu thudc vao thé tich c6 nguyén nhan tir hiéu
tng phi diéu hoa mang tinh thé. Mdi lién hé nay dugc biéu thi bai hé s6 Griineisen y
nhu sau [12].
olnw 4)
olnVv

Nhiéu dé xuat da dugc dua ra d¢ mé ta anh hudng cua ap suat I1€n hé so6 Grineisen
[13] [14]. O day, chang tbi sé ap dung dé xuat cua Burakovsky va cong su vé hé so
Grineisen [15].

Ve =~

1 S (%)
Ve = §+7177”3 + 7,1’

trong d6 y,, 7,, S>1 lacac thanh phan phu thugc vao vat lieu nghién cau. Thuc hign
mot s6 bién d6i toan hoc dya trén cac biéu thuc (4) va (5) ching t6i suy ra:

wD(’7) = C"0D77ill2 eXp|:—37’1 (771/3 —1) —%(77S —1):| ) (6)
Oo(17) = Ooo11 ™ exp[—Sn(nm ~1)-22 = (n —1)} (7)

. k: ho (8)
trong do: Wyp = 21’Vﬁ, O = k:D ,

turong tng 1a tan s6 va nhiét d6 Debye & ap suét khong. Sir dung két qua nay, ching
t6i thu dugc biéu thire cia hang sé luc higu dung K, phu thudc vao thé tich dudi dang:

k _kefr77 exp[ 67/1(771/3—1)—2%(775—1)] (9)

véi k3 1a hing s luc hiéu dung tai &p suat khong.

Céc twong tac 1an can gan nhat giira cac nguyén tir hap thu (A) hay tan xa ngugc (B) va
cac lan cén gan nhét cua chung dugc md ta boi mot the hiéu dung phi dieu hoa

ng( )= Z z,¢(v(k)a). Trong ACDM, thé twong tic ndy c6 dang [16].
(10)

J#1

Ve (x ng[ xRABRIJ] ko X° kX kX

trong d6 @(X) mo ta thé ning twong tac giira cic nguyén t& A va B; so hang
Z(P( XR o R ] mo ta tuong tac gitra 4 nguyén tir 1an can gan nhat véi nguyén tr A va
j=i

B; i = A (d6i véi nguyén tir A) va i = B (d6i voi nguyén tir B); j ldy trén tat ca cac nguyén tur
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lan can gan nhét (j # A, B); R, 1a vécto don vi huéng tir nguyén tir A dén B; Iiij 1a vécto
don vi hudng tir nguyén tir thir i dén nguyén tir thir j; Ma va Mg tuong tng la khéi luong cua
M A M B
M, +M,
hang s6 luc lién két hiéu dung; ks va k, 12 hang s6 luc phi diéu hoa bac ba va bac bén gay ra
tir sy bat ddi ximg caa ham phan bb do dong gop cua hiéu tmg phi diéu hoa & nhiét do cao.
Thé hiéu dung phi diéu hoa cho tinh thé kim loai ciu tric HCP duoc xac dinh bang mo
hinh ACDM. O &p suét P = 0, biéu thirc thé nang hiéu dung V,q (X) & (10) duoc xéc dinh Ia:

V., (x):V(x)+8v(§j+4V [—§j+4v (_%}2\/(%) (12)

& day, gia sir thé twong tac gitra cac nguyén tir A (va B) véi cac nguyén tir 1an can c6
thé duoc md ta bai thé tuong tac cap Morse va trong gan dung khai trién bac 4 caa do doi
X = r —1,, thé tuong tac nay co dang:

cac nguyéntr AvaB; ,, = la khéi lwong rat gon cua hé nguyén tir A va B; ke 1a

12
V(I’) _ D|:e—2a(r—l’o) _2e—a(l’—|’g):| ~D| -1+ a2X2 _a3x3 +1a4x4 +.. ( )
12
trong d6, D 1a nang luong phan ly, & md ta do rong cua thé nang.
Thay (12) vao (11) chung t6i thu dugc
Vi, (X) ~ D(_19+§azxz_§asxs+@a4x4] (13)
2 72 5184

So sanh (13) véi (10), x4c dinh dwoc hang s6 lyc dan héi k, =5Da?. Tir d6, suy ra

tan s6 Debye @, va nhiét ¢ Debye 6, cua tinh thé HCP theo (8).

2.2. Nhiét a9 nong chay

Phan nay trinh bay céch tiép can bai toan ndng chay cua vat lidu ¢ 4p suat cao dya trén
su két hop mé hinh Debye phi diéu hoa véi diéu kién ndng chay Lindemann, duoc xay dung
nhu sau [17]: Qué trinh ndng chay caa vat liéu s& bit dau dién ra khi ti sé giita can bac hai
cua do dich chuyén binh phuong trung binh (u”) va khoang cach Ian can gan nhét giira cac
nguyén tir a( P, T )tién dén mot gia tri téi han (hay gid tri ngudng) [18]. Wang va cong su
[19] ciing d4 chirng minh rang diéu kién nay tuong dwong voi cong thirc sau:

T_ = constV??.6? (14)
Thuyc hién cac phép bién doi toan hoc trén cac biéu thirc (5) va (17) thu dugc:

T, = T0,7—1/3 eXp{ﬁyl (1_ 771/3 ) n 2_2/2(1_ 7 )} (15)

trong d6 T, 1a nhiét do nong chay cua vat liu ¢ diéu kién moi truong.
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Céc biéu thirc thu dugc & trén cua cac dai lwong nhiét dong la cac biéu thirc phy thugce
vao thé tich. Dé xac dinh dwgc anh hudng cua ap suat dén cac dai lugng nay, ching toi su
dung phuong trinh Vinet c¢6 dang sau [20]

P =3K,77" (l—nl’s)exp[g(K(; —1)(1—771’3 )}

vai, K, K, 1a cac mdédun nén khéi déng nhiét va dao ham bac nhét theo ap suét caa né.

(16)

3. KET QUA NGHIEN CUU VA THAO LUAN

Dé thao luan vé hiéu qua cia moé hinh Iy thuyét hién tai trong viéc tinh todn va phan
tich dao dong EXAFS phu thudc ap suat caa kim loai Cd, ching toi st dung cac biéu thic
thu dwoc tir Phan 2, trong do, cac tham sb thé Morse dugc |y tir cong trinh thyc nghiém
[21] «=1,9053(A*), D,=0,1653(eV), a=2,98(A). Cic tham sé 7, =118,

7, =0,97, s=4,7 va T, =594,2 [15]. Modun khéi dang nhiét K, =42 va dao ham bac
nhit theo ap sut ciano K, = 6,5 [22]. Trong nghién ciu nay, sy phu thudc ap suit cua cac

dai luong nhiét dong dugc tinh toan ¢ ap suat 1én dén 50 GPa. Lwa chon nay dugc thuc day
bai thuc té rang cac thi nghiém nhiéu xa bot tia X &p suat cao trén Cd cho thay kim loai Cd
6n dinh & cau trac HCP trong khoang &p suat nay.

Ap dung md hinh Iy thuyét dwa ra & Phan 2, chiing tdi tinh toan duoc hang sé luc hiéu
dung, tan s6 Debye va nhiét o Debye & ap suat khong va nhiét d6 méi trudng cia Cd twong
ung dugc chi ra ¢ Bang 1.

Bang 1. Hing sb luc higu dung K. , tin s6 Debye @, va nhigt do Debye K., , 6, vanhigt

dd Debye thuc nghiém 6" ciia cac kim loai Cd

Kim logi | Ky (V/AY) | @y (x10°Hz) | 6, (K) 02 (K)

244.447 [4], [21]; 204 + 3[23]

Cd 3.0454 3.2357 247,2271 219,5+2,7 [24]; 213+1 [25]

Hinh 1 biéu din su phu thudc nhiét do caa DWF caa kim loai Cd. Két qua tinh toan
trén hinh 1 cho thiy, DWF cua kim loai Cd ting nhanh theo nhiét d. Cu thé, khi ting nhiét
d6 tr 0K dén 700K , DWF tang tir khoang 0,00223 (AZ) dén 0.01993 (AZ). Su gia

tang nay c6 thé duoc giai thich dua trén ban chit caa dao dong mang tinh thé. Khi nhiét do
tang, nang luong dao dong cua cac nguyén tir trong mang tinh thé ciing ting, lam giam sy
6n dinh cua chdng tai vi tri can bang, do dich chuyén trung binh so véi vi tri can bang ting.
Diéu nay dan dén sy gia ting hé s6 Debye-Waller. Hinh 1 ciing cho thiy, & khoang nhiét do
thap (khoang dugi 200K ), DWF tang cham, trong khoang nhiét 6 cao hon, DWF ting gan
nhu tuyén tinh theo su ting ciia 4p suat. Pidu nay ching to ¢ ving nhiét do cao, anh huong
cua yéu té phi diéu hoa dén dao dong mang tinh thé la dang ké.
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Hinh 1. Hé s6 Debye - Waller ciia kim
loai Cd dud6i anh hwéng ciaa nhiét do

Hinh 2. Hé s6 Debye - Waller cia kim loai
Cd dwéi anh hwéng cia cia ap suat

Hinh 2 biéu dién sy phu thudc ap suat caa DWF cia kim loai Cd & nhiét d6 phong dén
50 GPa. Két qua tinh toan cho thiy DWF caa kim loai Cd giam khi &p suat ting. O ap suat

0 GPa gia trj cia DWF cira Cd vao khoang 0.008735 (A? ). Su giam ciia DWF nay twong

ng 13 sy giam dang ké ciia bién do EXAFS. Hién tuong quan sat duoc ¢ thé duoc giai thich
bang cac dao dong giéi han cua cac nguyén tir dudi 4p suét ting, dan dén sy giam do dich
chuyén tuong d6i binh phuong trung binh hoac DWF giita hai nguyén tir trung gian. Mac di
su thay d6i khéng qua I6n vé mit gia tri tuyét doi nhung xu hudng giam rd rang cho thay
anh huong cua &p suat 1én dao dong nguyén tir 1a dang ke.

Hinh 3 va Hinh 4 biéu dién su phu thudc ap suat caa tan sé va nhiét do Debye caa kim
loai Cd dén 50 GPa. Két qua tinh toan trén Hinh 3 va Hinh 4 cho thay tan sé va nhiét do
Debye cua kim loai Cd tang theo 4p suét. Trong khoang ap suat dugi 10 GPa, d6 thi cho
thdy tan sb va nhiét do Debye ting nhanh, gan nhu tuyén tinh theo ap suat. Tuy nhién, &
khoang ap suat Ién hon 10 GPa thi do dbc cua do thi giam dan. Thyc té nay co thé duoc giai
thich rang khi 4p suit ting, cic nguyén tir trong mang tinh thé bi nén, 1am giam khoang cach
lien nguyén tir. Khi d6, hec hoi phuc (lién két gitra cac nguyén tir) tang 1én, dan dén tan sé
dao dong cua cac nguyén tir tang, kéo theo su tang 1én ctia nhiét do Debye.
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Hinh 5. Nhiét d9 néng chay ciia kim loai Cd dwéi dnh hwéng cia &p suit

Hinh 5 1a db thi nhiét 6 néng chay caa kim loai Cd dudi anh hudng cua &p suat dén
70 GPa (duong lién nét). Mot sé di liéu thuc nghiém va ly thuyét trudc day ciing di duoc
dua vao dé so sanh. Do thi cho thay, nhiét d6 nong chay cia Cd tang khi ap suét ting. Diéu
nay phl hop véi thuc té rang khi &p suat ting, luc lién két giita cac nguyén tur tang, khién
vét ligu kho néng chay hon. O viing ap suét thap (0—10 GPa), nhiét do nong chay tang
gan nhu 1a tuyén tinh theo &p suat, véi toc do ting cua nhiét dd ndng chay vao khoang
dT, /dP =40 K / GPa. O viing &p suét cao hon (60— 70 GPa), toc d gia tang nhiét do
nong chay bat dau giam dT_/dP =30 K / GPa . Puong cong nhiét &6 nong chay phu hop
t6t vGi cac diém thuc nghiém cua cac ¢ong trinh dugc dua ra so sanh va nghién cau Iy thuyét
cua Arafin [26] va gan vai cac diém thuc nghiém hon so vai nghién ctu caa Cannon [2] &
khoang ap suat nho hon 18 GPa. O 4p suat I6n hon, két qua trén Hinh 5 cho thay duong
cong néng chay theo Iy thuyét thip hon va co xu huéng gan véi thuc nghiém hon so véi cac
nghién cau ly thuyét trude do caa Arafin va Cannon [2][26].

Su chénh léch giira cac két qua cua chung tdi so vai cac gia tri thuc nghiém dugc dua
ra dé so sanh nam trong khoang 0,7% dén 8,33%. Nguyén nhan dan dén sy khac biét trén co
thé do mét s6 yéu té nhu han ché ciia diéu kién nong chay Lindemann, hoac cé thé & viing
ap suét cao hon, tinh toan cuia chung toi bi han ché bai gioi han gan dang. Tuy nhién, véi do
chénh léch so véi thuc nghiém thap hon so v6i mot s6 nghién ciru Iy thuyét khac, chung toi
tin rang nghién ciru nay dong gop déng ké vao co so dir lidu vé nhiét do nong chay caa kim
loai Cd trong diéu kién ap suat cao.

3. KET LUAN

Trong bai bao nay, anh huong cua ap suat Ién cac dai lugng nhiét dong nhu tan s6
Debye, nhiét 36 Debye, DWF va nhiét d6 nong chay cua kim loai Cd da duogc ching t6i
nghién ctru dya trén ACDM két hop dinh luat nong chay Lindemann. Cac két qua tinh toan
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cho thdy DWF ciia Cd tang nhanh theo nhiét d6 nhung lai giam khi 4p suat tang. Diéu nay
chi ra rang dao dong nhiét caa nguyén tir trong mang tinh thé Cd bi han ché & &p suit cao,
tirc la sy gia ting d6 ciing cua mang tinh thé khi chiu nén. Gia tri tan sé Debye, nhiét do
Debye va nhiét ¢ ndng chay cia Cd ting dang ké theo &p suit va co xu huéng on dinh hon
& ap suét cao. Cac két qua cua chang t6i duoc xac dinh tir ACDM phu hop kha tot véi gid
tri thuc nghiém thu thap duoc cho thay rang ly thuyét ma chiing toi xay dung khong chi gép
phan 1am 13 cac dic tinh vat Ii caa kim loai Cd ma con ¢ thé mé rong nghién ciru cho mot
s6 kim loai va hop kim khac gop phan mang lai nhiéu @ng dung thyc tién trong cac linh vuc
khoa hoc va céng nghé vat liéu.
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EFFECT OF PRESSURE ON DEBYE - WALLER FACTOR, DEBYE
FREQUENCY, DEBYE TEMPERATURE AND MELTING
TEMPERATURE OF HCP STRUCTURE CADMIUM METAL

Nguyen Thi Hong, Nguyen Hoang Dat, Le Ho Hai Yen, Trinh Ba Hung, Trinh Thi Huyen,
Bui Cao Nam, Tran Thi Hoang

ABSTRACT

Cadmium (Cd) has a great potential for application in the technology of
manufacturing super-strong or heat-resistant alloys. The study of the thermodynamic
properties of this metal is necessary not only in the scientific field but also in many
industries. However, the study of some thermodynamic quantities of Cd such as Debye
frequency and temperature, Debye - Waller factor (DWF) at high pressure is still limited. In
this paper, we use a semi-empirical method to study some thermodynamic properties of Cd
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metal including Debye frequency and temperature, DWF. The anharmonic Debye model and
the Lindemann’s melting law are combined to study the melting temperature of Cd metal.
Numerical calculations have been performed for Cd metal up to 50 GPa. The calculated
results show that the DWF of Cd increases rapidly with temperature but decreases with
increasing pressure. Meanwhile, the Debye frequency, Debye temperature and melting
temperature of Cd increase significantly with pressure and tend to be more stable at high
pressure.This study not only provides additional data on the thermodynamic properties of
Cd but also brings about many practical applications in scientific and industrial fields.

Keywords: Cadmium, anharmonic Debye model, Debye frequency and temperature,
Debye-Waller factor, melting, high pressure, Lindemann’s melting law.
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